a developMent process of the networK research on tradItIonal chInese MedIcIne
The progression of the TCM network research is as follows:
(1) Various units, such as CMMs, molecules, cells, organs, and diseases, are derived from databases, literature, experiments, and computational simulations; (2) these units are vertices which construct complex networks through the multiple correlations among them, and the complex network models are involved in the CMM combination network, compound/ drug-target network, metabolism network, signaling pathway network, protein-protein interaction (PPI) network, drug-disease network, etc.; (3) the scientific significance of TCM is illustrated by integrating multiple disciplines, including bioinformatics, polypharmacology, and systems biology, on the basis of TCM theory; and (4) the computational results might be enhanced with further experimental validation. According to the holistic concept of CMM-compound-targetdisease, the TCM complex network research has uncovered potential evidence, under the network topological structure, of a relationship between the structure and function of the network. Moreover, this promotes explanations of the scientific significance of TCM syndromes, principles of clinical therapy, combinational role of CMMs, and molecular basis of CMMs/ CMFs.
Methods and tools of coMplex networK analysIs
For studies using TCM network analysis, it is possible to obtain comprehensive information from multiple sources, such as databases, experiments, literatures, and computational modeling. Furthermore, it is possible to visualize and analyze the network using network tools.
Databases
There are large-scale biological and chemical databases that can support TCM complex network analysis. These databases offer a wealth of information on various units as well as their interactions. Table 1 shows the classification of the resources as the following four categories in accordance with the type of information that these databases contain: (1) biological databases providing extensive information on biomolecules (PDB, UniProtKB), biomolecular interactions such as PPI (BioCarta, HPRD), gene ontology, and signaling pathways (KEGG, Reactome); (2) chemical or drug databases that provide useful cheminformatics and bioinformatics relating to chemical or drug substances, such as bioinformatics (ChemSpider), chemical structures, as well as physicochemical properties (ChemProt), comprehensive targets (DrugBank, ChEMBL, PubChem), bioactivities (STITCH), and drugs and diseases (TTD);
(3) disease/phenotype databases on the phenotypes of human diseases and their related genes; and (4) TCM-related databases that provide comprehensive information on CMM (TCM database@Taiwan, CVDHD), CMFs (TCMID, NSTI), chemical ingredients, and relevant target proteins (HIT, TCMSP).
Text mining tools
The reliability of studying TCM from the perspective of complex network analysis depends on the accuracy and TCM: Traditional Chinese medicine availability of the data. As a sample from a single source that has limited scope and bias, it is beneficial to use multiple databases and various retrieval methods simultaneously to ensure the integrity and accuracy of the data and information. Besides databases, the scientific literature is another significant data source. One can obtain such data by using tools for text mining, such as Agilent literature search, Polysearch, and SciMiner. [57] [58] [59] Otherwise, it is possible to explore and analyze the biomolecule-pathway-disease correlation using bioinformatics tools, such as Clugo and DAVID, to illustrate the biological signaling pathway and bioactive mechanism. [57, 60] 
Computational simulation
Often, the interactions between chemical and biological substances are too finite to support certain research into TCM using network analysis that involves searching databases or conducting text mining. However, computational methods are extremely useful for predicting and simulating unexplored interactions from acknowledged information.
The technologies for computational simulation can be divided into the following four categories as listed in and 2 platforms (HerbBioMap and dbNEI) for TCM network pharmacology based on the "network target" paradigm. [22, 72] The applications of these methods have further involved in the study of the activity of compounds in CMM or CMF, synergism of CMMs, the disease-syndrome-formulae relationship, and biological markers. [72] 
Network tools
The application of network tools is mainly for carrying out the visualization and topological analysis of a complex network. Network visualization tools are appropriate for mapping the indescribable relationships between connected units. Subsequently, using network analysis tools can uncover information hidden under the network topological structure. These two types of network tools are usually integrated using the same software. The major network tools involved in the study of TCM were initially developed for biological network analysis or social network analysis, such as Cytoscape, Pajek, Ucinet, Netdraw, NetMiner, Gephi, Guess, networkX, and so on. [73] [74] [75] [76] [77] [78] Besides this professional network software, network toolboxes of Matlab and R environment can be utilized in the network visualization and topological analysis. [79, 80] 
networK topologIcal analysIs
According to the graph theory and complex network approach, nodes in a complex network represent the units in the complex system, and edges indicate the relationships among them.
The primary components of a complex network on which we focus are nodes, edges, and clusters. Then a network analysis can illustrate the inner correlation of the network function and topological structure. Subsequently, the analysis and application of the properties of the complex network, including heterogeneity, centrality, shortest path length, clustering coefficient, centralization, density, and degree distribution, can elucidate the topological structure. Network topological analysis plays an important role in understanding the network structure, discovering the hidden information, and predicting the function of the complex network.
Analysis of nodes
A node (or vertex) is an indispensable element of a complex network. To estimate the significance of nodes, centrality is a typical parameter for evaluating the status of nodes in the whole network. As Freeman formalized in 1978, degree, betweenness, and closeness are the three prime measurements of centrality, as shown in Table 3 . [81] The degree of a focal node is the number of its adjacencies in the network; betweenness is the sum of the number of shortest paths passing that focal node, and closeness is defined as the inverse sum of graph-theoretic distances from all other connected nodes. [81, 82] According to QSAR: Quantitative structure-activity relationships, KNN: K nearest neighbor algorithm, BKD: Binary kernel discrimination, SVM: Support vector machine, RF: Random forest, 3D: Three-dimensional the three different measures of centrality, higher degree or betweenness indicates more significance, whereas higher closeness means less significance. In TCM network analysis, many types of complex networks, such as a metabolic network or Chinese medicine (CM) combinational network, have shown identical properties, such as scale-free or power-law degree distribution. In such scale-free networks, small series of nodes with high degree, also called hubs, play a crucial role in discovering the key CMMs, screening active compounds, and predicting potential therapeutic targets. [83] [84] [85] For instance, Kong et al. constructed a molecular network in the mechanism of thrombosis by combining platelet signaling, coagulation cascade, and natural clot dissolution systems, and further predicted potential therapeutic antithrombotic targets through a centrality analysis of the vertices. [86] 
Analysis of edges
As another essential element of a complex network, an edge (or arc) is a link between two different units as well as a path for information transmission within the network. The analysis of edges mainly concerns the weight and the shortest path. First, the capability or capacity of the association between a pair of adjacent nodes can be quantified as the weight of an edge. [87] The weight of an edge indicates the strength of the link between two adjacent nodes to illustrate pairwise nodes. [88] As an illustration, a pair of CMMs with high weight value in a formulae combination network might have high co-occurrence frequency and have a synergetic effect in clinical therapy. [89, 90] However, the shortest path plays a crucial role in the transmission and communication in a network. [8] Closeness centrality and betweenness centrality are measured through the application of the shortest path. Meanwhile, the distance between any two indirectly connected nodes is defined as the number of edges along the shortest path between them. [7, 8] In the biological field, the shortest path is helpful for predicting the function of unknown genes from known genes and identifying functional modules of proteins in a PPI network. [91] 
Analysis of network community
A network community (or modularity, cluster, module) is a series of nodes with tight intra-community interactions and loose intercommunity correlations. That is, the nodes are homogeneous in the same community and heterogeneous between communities. The available methods for detecting community structures are as follows: (1) participation graph clustering including a Kernighan-Lin algorithm, [92] fast Newman algorithm, [93] Guimera-Amaral algorithm, [94] etc.;
(2) clustering based on a heuristic algorithm, such as maximum flow community, [17] hyperlink-induced topic search, [20] Girvan-Newman, [5] etc.; (3) hierarchical clustering including random walk similarity, [95] clustering centrality, [96] etc.; and (4) spatial clustering, such as K-mean. [97] The homogeneity of a network community plays a crucial role in the topological analysis of biological networks aimed at identifying units with high similarity in function or structure. [94, 98, 99] The studies on TCM network analysis have utilized network communities to uncover the core combinations of CMMs, chemical clusters with similar structures or bioactivities, and proteins with analogs functions.
applIcatIon of a coMplex networK In the study of tradItIonal chInese MedIcIne
The holistic thinking behind TCM about the associations among CM, life, disease, and environment penetrates every aspect of the TCM therapeutic strategy, described as principle-method-prescription-CMMs (Li-Fa-Fang-Yao in Mandarin). The foundational concepts and clinical practices of TCM simultaneously focus on handling the complicated relationships between different systems [100] and emphasize restoring homeostasis, described as yin and yang in equilibrium. It can be said that the TCM complex system has four different levels: 
Degree Closeness Betweenness
Absolute type
∑ the theory of flavor-meridian tropism (Xingwei-guijing in Mandarin), combination roles based on the compatibility of CMMs, and the diverse effects of different CMMs in a formula (sovereign-minister-assistant-courier).
Studies on TCM have employed complex network methods to illuminate the holistic properties of TCM at multiple levels and thus elucidate the TCM theory and clinical application, material basis, and relevant mechanism. This section mainly reviews the application of the complex network approach in TCM studies, primarily for investigating the biological mechanisms of syndromes, principles of clinical therapy, formulation theory, and CM-oriented compounds as well as bioactivities.
Exploring the biological mechanism of traditional Chinese medicine syndrome
As a fundamental principle of TCM for the prevention and treatment of disease, TCM syndrome (or pattern) differentiation plays a crucial role in making treatment decisions, guiding the administration of CMMs, and dispensing herbal formulae. Unlike Western medicine, which approaches disease from the perspective of anatomy, TCM syndrome is the comprehensive description of the outward manifestation of the pathological, physical, and psychological status of a specific environmental aspect. Thus, TCM syndrome can be characterized as a multidimensional complex system that is concerned with pathological and physical conditions simultaneously. The complex characteristics of a syndrome are as follows: (1) it emphasizes the integrity of the human body rather than a certain lesion distribution; (2) it is not only a stage of pathogenesis but also a progress in flux, and distinctive syndromes can be co-occurring or interconverting; (3) a modern disease can be differentiated into multiple syndrome types, and a syndrome is also involved in various modern diseases; and (4) the molecular mechanism of TCM syndrome is too complicated to be illustrated by current physiological or biochemical indexes. [19, 101] The holistic and complex properties of a syndrome coincide with the hypothesis about the biological network of network pharmacology. [15] Thus, TCM complex network analysis might offer a new strategy for exploring the biomolecular mechanism of a syndrome and its relationships with diseases, CMMs, and CMFs. [102] Following the phenotype network-biological networkherb network structure, Li et al. used literature mining, network analysis, and topological comparison to explore the biomolecular basis of cold/hot syndromes within the context of the neuro-endocrine-immune system (NEI). The results in silico validated the different biological patterns identified in the cold/hot syndrome networks. An in vivo experiment further confirmed that some key genes and chemical messengers distinguished cold and hot syndromes through the corresponding cold/hot herbal treatment. [19] Lu et al. integrated microarray technology and PPI network analysis to explore the distinct molecular signatures of TCM cold and hot patterns in rheumatoid arthritis (RA) patients. Their study indicated that the cold pattern of RA was related to the Toll-like receptor signaling pathway, and the related pathways in the heat pattern involved the calcium signaling pathway, cell adhesion molecules, PPAR signaling pathway, and fatty acid metabolism. [103] In addition, Lu et al. explored the correlations between the PPI network of an RA hot pattern and the target protein networks of four relevant CMMs through microarray technology, text mining, and complex network analysis.
The mutual pathways of the RA hot pattern and CMMs include GM-CSF signaling, CLTA4 signaling in Cytotoxic T Lymphocytes, T cell receptor signaling, and CD28 signaling in T Helper cells, which were related to the cell survival, cell-mediated immune response, inflammatory response, and so on. [104] Dai et al. conceived a two-level model, integrating a SVM-based diagnostic model and a symptom-gene-pathway multilayer correlation network, to detect the molecular mechanism of wind-phlegm collateral obstruction syndrome of acute ischemic stroke. [105] Discovering the underlying principle of traditional Chinese medicine therapy
The therapeutic purpose of TCM is to regulate homeostasis, remove pathogenesis, relieve symptoms, and finally promote physical and emotional health. The complex properties of TCM therapy can be further categorized as follows: Restricting the worldwide application of TCM therapy are the lack of appropriate research approaches and a long history of an irreconcilable philosophical divergence between holistic CM and allopathic Western medicine. Yet modern medicine has gradually validated that most diseases, especially chronic diseases and complex diseases, are induced by various factors and have multiple mechanisms. Moreover, the perspective of network pharmacology acknowledges that a complex disease is caused by the perturbation of the biological network, while the random variation of individual genes or proteins has little effect on disease. [15] Thus, the concept of TCM therapy aligns with the modern medical concept of complex diseases and the hypothesis about a biological network.
Complex network analysis provides a powerful tool for decoding the connotation of TCM therapy. The study of network analysis in relation to TCM therapy can adopt either a bottom-up or top-down approach according to the correlation among drugs, life, health, and disease. [22] Gao et al. used complex network analysis to explore the syndrome-therapy-CM relationship within TCM therapy in the context of coronary artery disease (CAD). Moreover, they analyzed the topological structure of the syndrome-clinical therapy network to estimate the underlying treatments and CMMs that were not included in the TCM diagnostic standard of CAD. [106] Furthermore, Li et al. explored the pharmacological effect of the Bufei Yishen formula (BYF, Formula of Tonifying Lung and Replenishing Kidney) against chronic obstructive pulmonary disease (COPD) by integrating network analysis and bioinformatics. Their computational result uncovered the active compounds in BYF and the relevant potential targets through the compound-target network. Their experiment validated that the underlying mechanism of BYF against COPD might contribute to the inflammatory cytokine, hypertrophic factors expression, protease-antiprotease imbalance, and collagen deposition. [107] Wang et al. took a novel approach to dissecting with holistic treatment in the TCM therapy of cardio-cerebrovascular diseases (CCDs) using systems pharmacology and complex network analysis. They screened the potential bioactive ingredients in the Xinnaoxin Pill by integrating the absorption-distribution-metabolismexcretion (ADME) model and complex network analysis based on the multiple layers of drug-target-pathway-organ, and further experimentally validated at the molecular level. Finally, they extracted a disease-therapeutic module for understanding the complex disease at the global level. [108] 
Understanding combinations in traditional Chinese medicine
The CM formula (Fufang in Mandarin), which follows the TCM therapeutic principle, can be characterized as the most typical treatment in the personalized therapy of TCM. [109] With the purpose of synergy and attenuation, several CMMs are carefully dispensed into a specific prescription and play an integrative role for eliminating the symptoms and regulating the body's homeostasis. CMFs have been accumulated from clinical experience and verified in TCM therapy. However, we still lack a full understanding of the combination roles, dose-effect relationships, and molecular mechanisms relating to CMFs. And, furthermore, the complex properties of CMFs might also increase the difficulty of applying and modernizing TCM, which are as follows: (1) the pharmacological effects of CMFs depend on the combinational principles and status of different CMMs; (2) the pharmacological efficacy of CMFs is not a simple linear superposition but the synergistic activity of CMMs with multiple compounds; and (3) CMFs might be adjusted in CMMs or dosages to coincide with the patient's pathological and physiological status.
Complex network analysis plays an important role in revealing the complex properties of CMFs in the combination principle, active compounds, and biological mechanisms. For example, to identify useful relationships among herbs in numerous CMFs, Li et al. established a novel DMIM method combining mutual information entropy and "between-herb-distance" to score herb interactions and construct a herb network. The outcomes of this research were the construction of a herb network comprising 3,865 collaterals-related CMFs, the retrieval of herb pairs and formulae, and the generation of further novel anti-angiogenic herb ingredients. [89] The researchers also integrated network-based methods to illustrate the network regulation mechanism and identify active ingredients as well as synergistic combinations for Qing-Luo-Yin (QLY, Drink of Clearing Lung Collaterals), an anti-RA formula. Their research predicted synergetic activities and the combinatorial rule of QLY and identified several ingredient groups as active components through the use of cluster analysis. [110] As the combination of CMMs in a CMF is essentially the combination of compounds, Ding et al. constructed a combination network of compounds based on the combinational relationship of CMMs in the CMF. In total, 1,588 compounds in 8 classic CMFs against CAD were clustered into 9 network communities using topological analysis, and 20 compounds with high centrality were screened out. [111] Exploring the material basis of traditional Chinese medicine Abundant effective CMMs have been clinically validated and used for thousands of years under the theoretical system of TCM. Regular studies on CMMs have focused primarily on identifying the chemical ingredients and chemical structures, physicochemical properties, pharmacodynamics, and pharmacokinetic process. However, each CM can be regarded as a complicated chemical system with numerous compounds that are too complex to be investigated solely by using conventional empirical approaches. Moreover, the pharmacological activities and adverse effects of CMMs are mainly the result of the interactions between multiple compounds on multiple targets. The complex properties of the molecular basis of CMMs may include the following: (1) the compounds of CMMs vary in their chemical elements, chemical structures, physicochemical properties, and bioactivities; (2) the pharmacokinetic progress of multiple components is too complicated to be elucidated, and some metabolites of phytochemicals are also bioactive; and (3) the comprehensive bioactivities of CMMs are characterized as emergent due to the synergetic effects of compounds on multiple targets. Confronted with the complex issue of CMMs, the current reductionist approaches are limited to illustrating the molecular mechanisms from a global perspective.
Based on the correlations among disease, gene, target protein, and compound, a complex network analysis can be applied to analyze and dissect, with the molecular basis as well as the relevant biological mechanism, and provide theoretical and technical rationales for the efficiency and safety of CMMs Finally, they investigated 22 potentially absorbed components and 8 metabolites of DBT and determined that the molecular mechanism of these active components might be involved in the nucleotide-binding oligomerization domain-like receptor (NLRs) signaling pathway. [113] However, the complex network approach also provides an important clue for the toxicological mechanism of CMMs.
For example, to explore the biomarkers and toxicity mechanism of processed Aconitum carmichaelii Debx tablet (Baifupian [BFP] in Mandarin], Zhang and Lu et al. comprehensively utilized serum metabolomics and complex networks to illustrate betaine and phosphatidylcholine as the biomarkers for the toxic responses of BFP. The toxic effects of BFP might be partially due to the perturbations of RhoA signaling, choline metabolism, and free radical scavenging. [114] conclusIon Researchers have used complex network analysis to illustrate the complex correlations between different units and uncover the underlying principles of TCM theory and clinical practice. Despite the abundant achievements in the study of TCM network analysis, researchers have yet to clarify the deeper significance of TCM. They face many challenges as follows. First, although it is possible to use complex network analysis to derive the therapeutic role of TCM in treating diseases on the basis of the number of clinical practices, such an approach has yet to penetrate the scientific principles of TCM theory, such as TCM pharmacology, properties theory of CMMs, and combination role of CMFs. Second, based on the CMcompound-target-disease relationship, significant molecules as well as the bioactive mechanisms can be illustrated or predicted through complex network analysis. However, the comprehensive effects of activations/inhibitions/competitions of multi-compounds on the biological system are not a simple linear superposition, and we lack appropriate approaches for studying the synergetic effects of compounds. Third, an important property of TCM is its dynamic character. Many aspects of TCM can be characterized as dynamic systems including syndromes, TCM therapeutic schedules, the ADME progress of compounds in CMMs/CMFs, etc., However, the focus in the research involving TCM network analysis has tended to be on the static analysis of topological structure to investigate veiled herb pairs, chemical combinations, target groups, and so on, whereas dynamic network analyses of TCM are nearly absent. Fourth, having reliable data are the essential condition for a successful analysis of the TCM network.
Although it is possible to retrieve abundant information about chemistry and biology from databases, literature, high-throughput experimentation, or computational modeling, the lack of sufficient interactions between different units, especially compounds and targets, might present an obstacle to constructing an integrated and predictable network. Finally, the computational results of TCM network analysis should be validated by further supplementary experiments.
Although the TCM network analysis faces serious challenges in its infancy, its prospects are still promising, especially with the development of big data, computational capabilities, and experimental methods. In the future, pharmacodynamic material basis of CMMs, synergistic combinations among CMMs, pharmacological mechanisms of CMFs, and indications of TCM therapies may be elucidated through TCM network analysis. Thus, this approach is expected to bridge the gap between traditional medicine and modern medicine, allow for investigating the scientific basis of TCM theory, and accelerate the modernization of TCM.
